Key Summary Points {#FPar1}
==================

**Why carry out this study?**Insulin resistance and prediabetes are highly prevalent, particularly among Hispanic/Latino populations, and carry a host of serious long-term complications.A formulation combining several components with nutraceutical properties is likely to positively impact insulin resistance and its associated disturbances among adults at risk of diabetes.**What was learned from the study?**The lipid-based formulation evaluated in the study showed a positive effect on insulin resistance and its associated disturbances and hormonal profile.The study intervention induced favorable changes in insulin sensitivity, glucose tolerance, abdominal obesity, inflammation and peptide hormones related to nutrient metabolism.

Introduction {#Sec1}
============

Non-communicable diseases (NCDs) are the primary cause of mortality worldwide, accounting for 73.4% of deaths in 2017 \[[@CR1]\]. The past 10 years have witnessed a 22.7% increase in mortality due to cardiovascular diseases, chronic respiratory diseases, diabetes, kidney diseases and neoplasms, among others \[[@CR1]\]. Sixty-five percent of deaths attributable to risk factors are due to NCDs, representing 26.6 million deaths per year \[[@CR2]\]. Metabolic risk factors are a pivotal determinant of the increasing burden of NCDs and show a worrisome upward trend in low- and middle-income countries \[[@CR2]\].

Prediabetes, characterized by elevated plasma glucose without crossing diagnostic thresholds for diabetes, is the first consequence of insulin resistance and a major risk factor for developing clinical diabetes and its complications. The term prediabetes encompasses impaired fasting glucose (IFG) and impaired glucose tolerance (IGT). Insulin resistance is a pathophysiologic precursor to both conditions: IFG is mostly related to reduced hepatic insulin sensitivity, while IGT correlates more with reduced sensitivity at muscle and adipose tissue \[[@CR3]\]. Insulin resistance is also accompanied by intracellular lipid accumulation in muscle and liver, and by increased circulating free fatty acids, all of which lead to a chronic proinflammatory state \[[@CR4]\]. Additionally, prediabetes is associated with increased cardiovascular risk, microangiopathy, hypertension, obstructive sleep apnea and even cognitive dysfunction \[[@CR5]\]. Insulin resistance and its correlates have been associated with the development of cardiovascular disease \[[@CR6]\].

Nonpharmacologic interventions in addition to diet and exercise may be useful tools to prevent the negative consequences of insulin resistance. In the USA, people tend to use vitamins and supplements along with their prescribed medicines; in fact, about 18% of the population substitutes medications with supplements \[[@CR7]\]. The most frequently reported reasons for preferring supplements are cost and personal beliefs about their benefits \[[@CR7]\]. A large proportion of the general public perceives nonpharmacologic alternatives as more holistic \[[@CR8]\], safer and more effective than medications \[[@CR9]\].

In this context, we developed a lipid-based formulation that contains a mixture of ingredients with the potential to improve insulin resistance and ameliorate the metabolic disturbances associated with it. The ingredients of the formulation can be grouped as follows: unusual polyunsaturated fatty acids, trace elements, polyphenols and plant sterols. The formulation has been submitted for intellectual property protection under the provisional patent application no. US 62/746991.

Unusual Polyunsaturated Fatty Acids {#Sec2}
-----------------------------------

Punicic acid is an 18-carbon, polyunsaturated fatty acid (18:3 n-5), usually grouped with other fatty acids collectively considered "conjugated linolenic acid" \[[@CR10]\]. In C57Bl/J6 mice, supplementation of the diet with just 1% punicic acid-rich oil (pomegranate), prevented excessive adiposity and improved whole-body insulin sensitivity \[[@CR11]\]. Similarly, in a different animal model \[the OLETF rat model of human type 2 diabetes mellitus (T2DM)\], dietary supplementation with punicic acid prevented the development of hepatic steatosis, a frequent comorbidity of obesity and the metabolic syndrome \[[@CR12]\].

Palmitoleic acid is a monounsaturated, 16-carbon fatty acid (16:1, n-7), which functions more as a signaling molecule or lipokine than as an energy source \[[@CR13]\]. Plasma concentrations of palmitoleic acid are negatively associated with risk of T2DM and hypertriglyceridemia in humans \[[@CR14]\]. Several animal studies \[[@CR15]\] and one randomized clinical trial in human adults \[[@CR16]\] have documented positive effects of dietary supplementation with *cis*-palmitoleic acid on plasma triglycerides, LDL cholesterol and HDL cholesterol.

Pinolenic acid is an isomer of gamma-linolenic acid, consisting of 18 carbons with 3 double bonds starting in the n-6 position (18:3, n-6). The difference lies in the position of the third double bond, which is located at position n-12 in gamma-linolenic and in position n-13 in pinolenic acid. Consumption of pinolenic acid is accompanied by significant acute increases in the appetite-curbing gastrointestinal hormones glucagon-like peptide 1 (GLP-1) and cholecystokinin-8 (CCK-8) in postmenopausal women \[[@CR17]\].

Trace Elements {#Sec3}
--------------

Chromium is a trace element in the human diet, with a relevant role in insulin signaling and the potential to improve insulin sensitivity and influence nutrient metabolism \[[@CR18]\]. Clinical studies in patients with newly diagnosed T2DM found that dietary supplementation with 42 µg chromium (as 9 g of brewer's yeast) over 3 months generated significant reductions of plasma glucose and glycated hemoglobin (HbA1c), with a concomitant positive impact on plasma lipids \[[@CR19]\]. However, studies in patients with longer-duration T2DM have not found a positive effect of chromium supplementation \[[@CR20]\]. Mechanistically, chromium supplementation appears to reduce plasma levels of proinflammatory cytokines and oxidative stress \[[@CR21]\].

Polyphenols {#Sec4}
-----------

Curcumin is a polyphenolic compound extracted from the roots of the plant *Curcuma longa* (turmeric), which is used as both a condiment and a natural medicine in many cultures worldwide \[[@CR22]\]. A prior 3-month trial in patients with type 2 diabetes (T2DM) found that dietary supplementation with 300 mg/day of curcuminoids led to a 28% decrease in the Homeostasis Model Assessment-Insulin Resistance (HOMA-IR) index with a concomitant reduction of 0.7% points in HbA1c \[[@CR23]\]. Other trials restricted to patients with obesity have documented a positive impact of the same dose of curcuminoids on plasma triglycerides \[[@CR24]\].

Plant Sterols {#Sec5}
-------------

Finally, plant sterols are compounds that compete with dietary cholesterol for intestinal transport and thus may have a positive impact on plasma lipids in patients with metabolic syndrome and/or dyslipidemia \[[@CR25]\].

The aim of this study was to perform an initial evaluation of the effect of a lipid-based formulation containing punicic acid, palmitoleic acid, pinolenic acid, chromium, curcumin and plant sterols on insulin resistance and associated disturbances among adults at risk of T2DM.

Methods {#Sec6}
=======

Study Design {#Sec7}
------------

This was an 8-week, three-arm, open-label randomized clinical trial.

Patients {#Sec8}
--------

Inclusion criteria for study participants were age \> 18 years (men and women), T2DM risk given by a body mass index ≥ 25 kg/m^2^ or a FinnRisc score ≥ 13/20, and willingness to keep diet and physical activity habits constant throughout participation in the study. FinnRisc is a screening tool for T2DM risk based on the Finnish Diabetes Prevention Study, which has been extensively validated in Hispanic populations, including a direct validation in Colombia \[[@CR26]\].

Exclusion criteria were to be involved in an active weight-loss program, to be receiving any medication with potential effect on insulin resistance or metabolic parameters (with the exception of oral contraceptives or levothyroxine, which had to be received at the same dose since at least 6 months prior), hypersensitivity to any of the components of the study formula, gastrointestinal or other health conditions that might compromise compliance with the study interventions, known diabetes or diabetes complications, alcohol or drug abuse, pregnancy and lactation. Potential participants were recruited between February 2018 and June 2018 from a database of volunteers that we keep at the Nutritional Biochemistry Laboratory at Universidad de los Andes and have been maintaining and curating over the last few years.

Potential participants were sent to a screening appointment where they filled out a selection criteria questionnaire, and their weight, height and waist circumference were measured and their FinnRisc score calculated. Patients who fulfilled the selection criteria were later contacted for their week 0 visit, in which we obtained written informed consent, completed their baseline evaluation, handed them the study intervention for the first 4 weeks and provided them with a compliance diary.

Sample Size {#Sec9}
-----------

Assuming a coefficient of variation of 20% for the insulin sensitivity index (ISI-Gutt) among individuals at risk of T2DM \[[@CR27]\], a sample size of 21 participants (7 in the control group, 7 in the low-dose formulation group and 7 in the high-dose formulation group) would give us 80% power to detect a true difference of at least 30% in the baseline-subtracted change in ISI-Gutt between any of the intervention groups relative to the control group at a two-tailed significance level of 0.1. Foreseeing a 20% loss to follow-up rate, we recruited 25 patients in total.

Baseline and Follow-Up Evaluations {#Sec10}
----------------------------------

We performed the following assessments in all participants at week 0 and at week 8 (end of follow-up): (1) anthropometry and body composition by impedanciometry, (2) a food frequency questionnaire, previously developed for the Colombian population \[[@CR28]\], (3) the short version of the international Physical Activity Questionnaire (iPAQ) \[[@CR29]\], (4) clinical chemistry including HbA1c, a lipid panel, oral glucose tolerance test (OGTT), liver transaminases, gamma-glutamyl transferase (GGT), high-sensitivity C-reactive protein (hsCRP), plasma creatinine with estimated glomerular filtration rate (eGFR) and urinary albumin excretion, (5) plasma concentrations of metabolic hormones including insulin, glucagon-like peptide-1 (GLP-1), ghrelin, fibroblast growth factor-21 (FGF-21) and irisin. All participants had one additional visit at week 4, in which we measured anthropometry, body composition and blood pressure, collected unused intervention flasks and documented adherence and adverse events.

Randomization Procedure {#Sec11}
-----------------------

Between the screening visit and the week 0 visit, participants were randomly assigned to an intervention group by means of a random number generator; the random number was between 0 and 1. Participants assigned a number \< 0.33 were assigned to the control group, participants with numbers ≥ 0.33 but \< 0.67 were assigned to the low-dose formulation group, and participants assigned a number ≥ 0.67 were assigned to the high-dose formulation group.

Study Interventions {#Sec12}
-------------------

The three study groups received respectively:*Control group* 7 ml of sunflower oil (selected for being rich in polyunsaturated fatty acids and hence a healthy type of oil).*Low-dose formulation group* 3.5 ml of study formulation + 3.5 ml of sunflower oil (previously mixed in the same flask).*High-dose formulation group* 7 ml of the study formulation, containing punicic acid-rich oil (pomegranate seed oil), palmitoleic acid-rich oil (buckthorn oil), pinolenic acid-rich oil (pine nut oil), curcumin, chromium picolinate and campesterol (a plant sterol).

The intervention was meant to be taken in a single take right after breakfast, once a day, over the 8 weeks of the study (56 doses per participant). All participants were asked to maintain their usual dietary and physical activity habits as constant as possible during the duration of the study. The typical Colombian diet has very low amounts of the compounds in the study formulation. The study interventions were packed in individual twist-off flasks (one dose per flask); 28 flasks were packed in a small portable cardboard box that had a compliance diary printed in it, so that participants could cross off every dose they took. Participants were also asked to return any unused flasks to better assess adherence. At weeks 4 and 8, participants responded to a questionnaire on adverse events that asked about their presence, nature, severity, duration and whether participants associated them with the intake of the study intervention.

Laboratory Measurements {#Sec13}
-----------------------

Most clinical chemistry determinations were done in duplicate using colorimetric kits from Wiener Laboratory, Argentina, and Reflotron^®^ clinical chemistry test strips (Hoffman-La Roche, Switzerland). High-sensitivity C-reactive protein (hsCRP) was measured using an immunoturbidimetric latex assay from BioSystems (CAT\# 22921, BioSystems, Spain). HbA1c and urinary albumin excretion were measured employing immunocolorimetric kits from NycoCard (AxisShield, Norway); catalog numbers of the individual and/or multiplex ELISA kits employed for the determinations of plasma concentrations of hormones are respectively: insulin: Abcam CAT\# ab213815; GLP-1 and ghrelin: Millipore Magpix CAT\# HMHEMAG34K05; FGF-21: Abcam CAT\# ab125966 and irisin: Phoenix CAT\# EK-067-29.

Statistical Analysis {#Sec14}
--------------------

Our main study outcome was the baseline-subtracted between-group difference in the ISI-Gutt in each intervention group compared with the control group. With exploratory intention, we also analyzed the between-group differences in anthropometric measures, area under the glucose curve in the OGTT, HbA1c, lipid variables and plasma concentrations of metabolic hormones. Differences in numeric variables between each treatment group and the control group were analyzed employing non-parametric Mann-Whitney *U* tests. Between-group comparisons of categorical variables were done with chi-squared tests with continuity correction. All analyses were done at a nominal significance value of 0.05.

Ethical Aspects {#Sec15}
---------------

The study was approved by a legally constituted external Internal Review Board (Riesgo de Fractura, SAS), according to minute 30194 of 2018. All patients underwent an extensive and detailed informed consent procedure and provided written informed consent for their participation. All study procedures were executed in compliance with scientific, technical and administrative regulations for health research dictated by resolution 008430-1993 of the Colombian Ministry of Health and with the principles stated by the Helsinki Declaration of 1964 and its later amendments. The study is registered in the public registry of clinicaltrials.gov under number NCT03512665.

Results {#Sec16}
=======

We screened 66 potential participants to find 25 eligible individuals. After randomization, nine participants were allocated to the control group, nine to the low-dose group and seven to the high-dose group. We only had one withdrawal in the high-dose group at week 2 (the participant did not like the taste of the study formulation), so the study sample comprised 24 participants, 9 in the control group, 9 in the low-dose group and 6 in the high-dose group. Study participants were on average 34 years old, overweight (average BMI 28.6), abdominally obese (average waist circumference 92.7 cm in women, 96.8 cm in men) and had a high percentage of body fat (35.4%). Average blood pressure levels were normal, as were average fasting plasma glucose, HbA1c, plasma lipid, liver enzyme and renal function values. C-reactive protein was slightly elevated, indicating chronic low-grade inflammation. All demographic, clinical and laboratory variables, as well as the average intake of all the analyzed macro- and micronutrients, were comparable across the three groups (Table [1](#Tab1){ref-type="table"}).Table 1Baseline characteristics of study participantsControlLow doseHigh dose*p* valueAge (years)35.7 (17.3)28.9 (11)34.9 (19.8)0.63Weight (kg)78.7 (13.6)78.8 (13.4)74.6 (13)0.78Height (cm)166.3 (9.1)166.3 (10.2)160.4 (8.3)0.38Body mass index (kg/m^2^)28.4 (3.7)28.3 (3.3)28.8 (2.8)0.95% Body fat34.8 (9.1)28.3 (3.3)28.8 (2.8)0.35Waist circumference (cm)90 (12.7)95.4 (12)96 (9.1)0.51Muscle mass (kg)48.9 (10.2)50.4 (11.4)43.1 (4.7)0.31Systolic blood pressure (mmHg)121.9 (13.8)113.3 (13.7)114.9 (19)0.47Diastolic blood pressure (mmHg)76 (12.3)71.8 (7.9)69.4 (12.3)0.48HbA1c (%)5.2 (0.5)5.2 (0.5)5.0 (0.4)0.70Total cholesterol (mg/dl)210.6 (51.3)195.5 (23.5)192.9 (43.8)0.63HDL cholesterol (mg/dl)39.1 (11.8)35.0 (9.3)50.3 (21.2)0.11Triglycerides (mg/dl)145.4 (36.4)131.3 (33.6)144.7 (36.1)0.65LDL cholesterol (mg/dl)142.4 (46.1)134.2 (22.8)113.6 (41.6)0.32Fasting plasma glucose (mg/dl)91.3 (11.7)87 (3.3)87 (6.6)0.45AST (UI/l)17.0 (3.9)21.3 (8.7)20.1 (15.1)0.62ALT (UI/l)20.3 (9.8)23.6 (13)14.0 (3)0.22GGT (UI/l)20.9 (21.7)27.8 (23.1)21.8 (17.9)0.79Creatininemia (mg/dl)0.90 (0.13)0.92 (0.15)0.85 (0.06)0.53eGFR (ml/min)99.2 (40.0)111.9 (41.0)77.5 (12.9)0.21Urinary albumin/creatinine ratio8.5 (11.0)3.2 (2.5)8.8 (8.3)0.30C-reactive protein (mg/l)2.2 (1.7)2.0 (1.2)3.1 (2.8)0.83Intense physical activity (min/week)23.3 (36.1)35.6 (32.4)8.6 (22.7)0.25Moderate physical activity (min/week)40.6 (58.3)7.2 (11.5)17.1 (26.3)0.19Mild physical activity (min/week)56.1 (55.7)27.8 (17.3)35 (30.4)0.29Sedentary time (min/week)412.5 (179.8)373.3 (152.3)462.9 (253.9)0.66Dietary intake Energy (cal/kg/day)35.2 ± 14.931.4 ± 19.626.6 ± 6.80.41 Protein (% of daily energy)13.8 (3.1)16 (5.6)14.4 (5)0.60 Lipids (% of daily energy)36.7 (5.9)37.8 (9.4)30.4 (4.7)0.15 Carbohydrates (% of daily energy)49.5 (7.7)46.3 (13.6)55.3 (9.4)0.30 Fiber (g/day)32.2 (18.7)23.6 (18.2)21.3 (6.4)0.39 Calcium (mg/day)907 (340)990 (807)929 (485)0.95 Iron (mg/day)19.9 (9.8)19.1 (11.1)16.3 (4.7)0.76 Sodium (mg/day)3959 (2009)3248 (1949)2986 (1008)0.55 Phosphorus (mg/day)1316 (451)1287 (982)1110 (244)0.83 Zinc (mg/day)11.6 (3.3)11 (7.2)9.7 (2.3)0.79 Potassium (mg/day)3714 (1932)3296 (2587)2902 (618)0.75 Saturated fats (% of daily energy)17.5 (4.9)18.8 (5.9)16 (1.9)0.56 Monounsaturated fats (% of daily energy)3.1 (1.7)4.1 (2.8)3.4 (1.5)0.61 Polyunsaturated fats (% of daily energy)2.0 (1.4)2.6 (1.8)2.4 (1.5)0.71 Cholesterol (mg/day)389 (266)467 (418)358 (112)0.78 Trans fatty acids (g/day)1.4 (0.7)1.5 (1.3)0.9 (0.5)0.45 Eicosapentaenoic acid (mg/day)31 (39)170 (274)193 (269)0.28 Docosahexaenoic acid (mg/day)153 (202)1010 (1406)1079 (1503)0.21 Vitamin A (mcg retinol equivalents/day)1077 (840)1079 (805)815 (389)0.76 Vitamin E (mg/day)15.1 (8.3)14.2 (13.3)12.4 (5.6)0.88 Vitamin K (mg/day)169 (125)93 (77)91 (41)0.17 Vitamin D (mcg/day)259 (191)287 (210)229 (87)0.83 Thiamine (mg/day)3.1 (1.9)2.8 (1.9)2.2 (1)0.63 Riboflavin (mg/day)2.1 (1.1)2.2 (1.8)1.7 (0.4)0.71 Niacin (mg/day)43.1 (18)48.6 (42.6)36.9 (9.7)0.74 Vitamin C (mg/day)146 (98)121 (112)117 (57)0.80 Folate (mg/day)524 (235)410 (268)413 (106)0.50Data are means (SD)*AST* aspartate aminotransferase, *ALT* alanine aminotransferase, *GGT* gamma-glutamyl transpeptidase, *eGFR* estimated glomerular filtration rate

Insulin Sensitivity and Glucose Tolerance {#Sec17}
-----------------------------------------

The ISI-Gutt employs data from a multipoint OGTT to estimate the amount of whole-body glucose uptake induced by each mUI of insulin, per minute, per kg body weight. ISI-Gutt has been widely validated versus the euglycemic clamp as a reliable index of insulin sensitivity \[[@CR27]\]. ISI-Gutt improved in the two intervention groups (5.4% in the low-dose and 10.1% in the high-dose group), while in the control group it remained stable (Fig. [1](#Fig1){ref-type="fig"}). The *p* value for the comparison of change in ISI-Gutt in the low-dose vs. control group was 0.34. For the high-dose vs. control group comparison, the *p* value was 0.041.Fig. 1Change in the insulin sensitivity index by treatment group

The study formulation modulated the response to a glucose load in the OGTT, with the most pronounced change observed in the low-dose group. Glycemic levels 60 min post-load were reduced by 32 mg/dl relative to the control group (*p* = 0.047, Fig. [2](#Fig2){ref-type="fig"}). The incremental area under the glucose curve by week 8 was 17.1% lower in the low-dose group compared with the control group (220.3 vs. 182.6 mg/dl × h, *p* = 0.073). Concerning HbA1c, we observed reductions in the three study groups, with the largest drop occurring in the high-dose group (− 0.36% in control group, − 0.14% in low-dose group, − 0.50% in high-dose group) (Fig. [3](#Fig3){ref-type="fig"}). However, this difference was not statistically significant.Fig. 2Glycemic excursions during the oral glucose tolerance test (OGTT) by treatment groupFig. 3Change in glycated hemoglobin and lipid risk factors (week 8--week 0) by treatment group. **a** Change in HbA1c; **b** change in plasma triglycerides; **c** change in plasma HDL cholesterol; **d** change in plasma LDL cholesterol. Data are mean ± SD

Other Metabolic Parameters {#Sec18}
--------------------------

Body weight, percent body fat and muscle mass remained relatively constant in the three intervention groups, without differences among them (Table [2](#Tab2){ref-type="table"}). Meanwhile, waist circumference increased slightly in the control group, remained constant in the low-dose group and decreased in the high-dose group (low-dose vs. control *p* = 0.22, high-dose vs. control *p* = 0.012). Changes in HDL cholesterol and triglycerides were small and did not differ among treatment groups. All three study groups showed favorable modifications of LDL cholesterol, but there were no differences in the change in either of the formulation groups vs. the control group (Fig. [3](#Fig3){ref-type="fig"}). Plasma aspartate amino transferase (AST) remained constant in the control group but decreased in the formulation groups (− 1.1 U/l in the control group, − 7.4 U/l in the low-dose group, − 8.0 U/l in the high-dose group). Changes in alanine amino transferase (ALT) and gamma-glutamyl transpeptidase (GGT) did not differ across groups (Table [2](#Tab2){ref-type="table"}). The urinary albumin/creatinine ratio decreased in all three groups (up to 5.0 mg/g in the high-dose group). High-sensitivity C-reactive protein increased mildly in the control group (+ 1.0 mg/l), while it decreased in the two intervention groups (− 0.8 mg/l in the low-dose group, *p* = 0.07 vs. control; − 2.1 mg/l in the high dose group, *p* = 0.071) (Table [2](#Tab2){ref-type="table"} and Fig. [4](#Fig4){ref-type="fig"}).Table 2Change in metabolic parameters (week 8--week 0) by intervention groupControlLow doseHigh doseBody weight (kg)0.20 ± 0.751.17 ± 1.430.38 ± 1.51Body mass index (kg/m^2^)0.07 ± 0.280.42 ± 0.580.13 ± 0.61Percent body fat0.18 ± 1.57-- 0.13 ± 2.610.22 ± 1.52Waist circumference (cm)1.74 ± 2.480.48 ± 4.32-- 1.05 ± 1.05Muscle mass (kg)-- 0.30 ± 1.360.60 ± 1.05-- 0.50 ± 0.74Systolic blood pressure (mmHg)5.11 ± 12.894.11 ± 12.024.17 ± 4.12Diastolic blood pressure (mmHg)4.78 ± 9.324.56 ± 9.750.83 ± 8.18Fasting insulin (microUI/ml)0.69 ± 2.112.66 ± 3.141.26 ± 2.89120 min. insulin in OGTT (microUI/ml)-- 6.0 ± 10.3-- 5.3 ± 23.06.6 ± 33.8Incremental AUC-insulin (microUI/ml × h)-- 6.71 ± 10.89-- 7.96 ± 22.735.35 ± 31.47Plasma creatinine (mg/dl)-- 0.09 ± 0.12-- 0.05 ± 0.13-- 0.11 ± 0.06Urinary albumin/creatinine ratio (mg/g)-- 3.43 ± 6.0-- 0.78 ± 3.9-- 5.03 ± 10.7Post-glucose ghrelin suppression (pg/ml)-- 37.4 ± 60.740.6 ± 205.7-- 8.3 ± 86.3Post-glucose GLP-1 secretion (pg/ml)-- 47.8 ± 178.410.3 ± 70.414.6 ± 72.8Plasma FGF-21 (ng/ml)0.02 ± 0.07-- 0.08 ± 0.15-- 0.05 ± 0.07Plasma irisin (ng/ml)-- 20.9 ± 48.814.4 ± 36.910.1 ± 14Data are mean ± SDFig. 4Change in liver enzymes and C-reactive protein by treatment group. **a** Change in aspartate amino transferase (AST); **b** change in alanine amino transferase (ALT); **c** change in gamma-glutamyl transpeptidase (GGT); **d** change in C-reactive protein. Data are mean ± SD

Metabolic Hormones {#Sec19}
------------------

Ghrelin is an appetite-inducing peptide hormone, whose production is induced by fasting and should be suppressed by caloric ingestion. The ability to suppress ghrelin production after a glucose load did not differ systematically across treatment groups (Fig. [5](#Fig5){ref-type="fig"}). GLP-1 is produced by intestinal L cells in response to their contact with nutrients, potentiating insulin secretion and suppressing appetite. There was a trend toward higher post-load GLP-1 concentrations using the study formulation (Fig. [5](#Fig5){ref-type="fig"}). FGF-21 is secreted by hepatocytes and muscle cells and induces the differentiation of white adipose tissue to beige or brown adipose tissue. FGF-21 increased in the control group, but decreased slightly in the intervention groups. On the other hand, irisin is secreted by muscle cells under stress or repeated contraction and also induces the browning of white adipocytes. Plasma irisin decreased in the control group, while it increased in a dose-dependent fashion in the intervention groups (Fig. [6](#Fig6){ref-type="fig"}).Fig. 5Changes in gastrointestinal hormone response to a glucose load in OGTT by treatment group. **a** Mean percent change in suppression of ghrelin secretion (120 min plasma ghrelin-fasting plasma ghrelin); **b** mean percent change in secretion of glucagon-like peptide (GLP-1) (120 min plasma GLP-1---fasting plasma GLP-1)Fig. 6Box plot of changes in plasma myokines by treatment group. **a** Percent change in plasma fibroblast growth factor-21 (FGF-21); **b** percent change in plasma irisin

Adherence and Adverse Events {#Sec20}
----------------------------

In all study groups, adverse events were mild and rare (Table [3](#Tab3){ref-type="table"}) and led to treatment discontinuation in only one study participant from the high-dose group, who disliked the taste of the formulation. Adherence (number of doses actually taken) in the whole study group was 93% and did not differ among treatment groups (Table [4](#Tab4){ref-type="table"}).Table 3Patient-reported adverse events by intervention groupNumber of patients reporting adverse eventControl (*n* = 9)Low dose (*n* = 9)High dose (*n* = 7)Breath smells like formulation010Increased frequency of defecation010Increased appetite010Headache (severity 3/10)100Reduced appetite100Mild epigastric pain (once, on day 3)010Constipation (first 2 days)010Less appetite between 10 a.m. and 2 p.m.010Less nocturnal appetite100Unpleasant taste (patient who retired from study)001Total361All adverse events were reported between weeks 0 and 8; none were reported between weeks 4 and 8Table 4Patient-reported adherence by intervention groupNumber of doses not takenGroupTotalControlLow doseHigh doseWeeks 0--4 03126 13306 22215 31124 40011 60101 90101Total participants in group99624Average doses taken/participant26.925.226.026.1Average adherence96%90%92.8%93%Weeks 4--8 04228 12013 23115 30303 40123 50101 60101Total participants in group99624Average doses taken/participant27.124.726.226.0Average adherence96.7%88.2%93.5%92.9%

Discussion {#Sec21}
==========

Using a randomized controlled trial methodology, we performed an initial pilot evaluation of a lipid-based formulation aimed at improving insulin resistance and associated disturbances among apparently healthy adults at risk of T2DM. Despite average fasting plasma glucose and HbA1c levels considered to be within the normal range, we observed a formulation-induced modulation of whole-body insulin sensitivity over the 8-week duration of the study as well as numeric improvements in glycemic excursions during the OGTT. We also observed favorable changes in several metabolic variables associated with insulin sensitivity, including abdominal obesity and inflammation.

The observed change in insulin sensitivity as reflected by the ISI-Gutt was dose-dependent, reaching 10% in the high-dose group. The ISI-Gutt has the great advantage of employing both fasting and post-load glucose and insulin measures to estimate insulin sensitivity overall, not just in one of the two alimentary conditions. Insulin resistance is a major pathogenic factor not just for T2DM \[[@CR30]\], but also for cardiovascular disease \[[@CR6]\] even in normoglycemic individuals \[[@CR31]\]. Opportune intervention to improve insulin sensitivity and glucose tolerance in at-risk individuals holds great potential for impact: A Markov model applied to a simulated population from the US National Health and Nutrition Examination Survey estimated that correcting insulin resistance in young adults could prevent up to 42% of cardiovascular disease events at the population level \[[@CR32]\]. Of note, participants in the low-dose group exhibited an entirely different pattern of post-load glycemic excursion, the difference versus the other groups being most pronounced at 60 min post-glucose load. The somewhat puzzling finding of improved glucose tolerance in the low-dose, but unchanged glucose tolerance in the high-dose group could be explained by either the existence of an optimal concentration of the components of the study formulation or by some sort of interaction between the study formulation and sunflower oil, the control intervention. We will need further studies to explore this issue in greater detail. We did observe a reduction of HbA1c in the high-dose group, which did not reach significance. HbA1c reflects average plasma glucose over the last 90--120 days, and the study duration was 8 weeks (56 days), so it is possible that the effect was partially diluted by HbA1c levels prior to the study.

Supplementation with the study formulation at high dose also induced a small but significant reduction of waist circumference, indicating positive changes in body fat distribution. Abdominal obesity is an independent and powerful risk factor for T2DM \[[@CR33]\], cardiovascular disease \[[@CR34]\] and several types of cancer \[[@CR35]--[@CR38]\], and non-pharmacologic interventions like the study formulation might be a helpful addition to diet and exercise in its management. Abdominal obesity is usually accompanied by a state of chronic, low-degree inflammation that manifests systemically as mild increases in acute-phase reactants such as C-reactive protein \[[@CR39], [@CR40]\]. We found reductions of C-reactive protein in both intervention groups, suggesting that the favorable changes in body fat distribution did translate into reduced systemic inflammation, a major pathogenic factor common to metabolic and cardiovascular diseases \[[@CR41], [@CR42]\].

We observed an interesting dose-response correlation between consumption of the study formulation and GLP-1 secretion. GLP-1 has several favorable metabolic effects \[[@CR43]\], but most of them are mediated through modulation of appetite and body weight, which in this study remained unmodified in the three study groups. However, recent evidence suggests that GLP-1 may directly facilitate insulin signaling in adipocytes through alleviation of endoplasmic reticulum stress \[[@CR44]\]. This observation related to GLP-1 merits further examination in future studies of the dietary formulation. Another interesting observation was a dose-dependent increase in plasma irisin associated with consumption of the study formulation. While the biology of this recently discovered myokine is only partially understood, irisin is known to induce the expression of uncoupling proteins and a "browning" phenotype in adipose tissue, associated with an increased expression of GLUT4 glucose transporters \[[@CR45]\], glucose uptake \[[@CR46]\], reduced lipogenesis and increased lipolysis \[[@CR47]\]. Similar effects have been reported for irisin on muscle \[[@CR48]\] and liver \[[@CR49]\] cells. It is plausible that some of the effects observed in the active treatment groups were induced by this increase in circulating irisin, but we cannot positively assert this. Nonetheless, the finding of a clear trend toward increased plasma irisin using our study formulation is encouraging.

The main limitations of the study are its sample size and relatively short 8-week duration. Concerning sample size, this trial was intended as an initial exploration of the effects of the supplementary formulation, but the promising results will merit a deeper exploration in a larger sample size. Regarding study duration, the relevant outcomes (insulin resistance, glucose tolerance, other metabolic outcomes) are readily influenced by pharmacologic or non-pharmacologic interventions \[[@CR50], [@CR51]\], so 8 weeks was deemed an appropriate time frame for any effects of the formulation to be evident.

Conclusion {#Sec22}
==========

In conclusion, we undertook an initial evaluation of a lipid-based dietary formulation with a composition aimed at improving insulin resistance and associated derangements in individuals at risk for T2DM. We observed favorable changes in insulin sensitivity, glucose tolerance, body fat distribution and inflammation, but these effects and their durability will need to be assessed more extensively in future studies.
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